A single-shot distributed dynamic strain sensor is proposed with high spatial resolution and broad detection bandwidth. Linear frequency modulated pulse is employed as the probe pulse, which not only solves the trade-off between spatial resolution and sensing distance, but also avoids the time-consuming stepped frequency tuning process. The matrix of Rayleigh backscattering (RBS) at multiple frequencies over the fiber is obtained using the first probe pulse. The strain variation is retrieved from the corresponding frequency shift of the following probe pulses using RBS signature matching. In the demonstrational experiment, distributed vibration measurement with 0.9 m spatial resolution, 224 p ε/ √ Hz strain resolution, 5 kHz response bandwidth and 25.7 dB signal-to-noise radio is realized over 10-km sensing fiber.
Introduction
Due to the unique advantages such as continuous sensing over long fiber, high sensitivity and robustness against harsh environment, distributed fiber-optic sensor based on Rayleigh backscattering (RBS) has been widely adopted in pipeline leakage detection, vertical seismic profiling, fence security [1] - [4] , etc. Generally, there are two methods to realize the strain or temperature measurement using RBS: phase-demodulation and intensity-demodulation. The phase change of RBS is proportional to the strain or temperature variation of fiber [5] . The phase-demodulation method [6] - [8] calculates phase information of RBS by I/Q demodulation [9] , heterodyne detection [10] or phase generated carrier scheme [11] , and retrieves the strain or temperature information of the fiber. This method is promising for distributed acoustic sensing, because the small amount of computation is essential for the real-time processing of mass data. However, it is difficult to be used for the static signal measurement, because the retrieved phase shift of RBS always falls into the range of −π to +π, and there is no constant relationship between the phase shift and the signal under measurement.
On the other hand, intensity-demodulation method based on cross-correlation can obtain the frequency shift from the change of the RBS traces over time. When the fiber experiences strain or temperature change, the profile pattern of RBS traces at that position would change accordingly. This method can detect both static and dynamic signal, because of the one-to-one correspondence between the Rayleigh pattern and the changes of strain or temperature. Besides, the intensitydemodulation method is immune to the interference fading, which is a major challenge for phasedemodulated based distributed fiber sensors [12] - [14] . Therefore, intensity-demodulation method has also been widely employed [15] - [17] . The temperature measurement based on a coherent optical time domain reflectometry (OTDR) [15] and the strain measurement based on a directdetection OTDR [16] were proposed respectively. However, sweeping the frequency step by step repeatedly is time-consuming and only feasible for static measurement, because the interval of pulse sequence with different frequencies must be larger than the round-trip time in the fiber, and measurement time is multiplied by the number of pulse frequency steps. The contradiction between the vibration response bandwidth and the sensing distance [18] is aggravated because of the degradation of repetition rate. For instance, the sensing bandwidth is only 500 Hz for 1 km fiber in Ref. [17] . The technology of using single-shot OTDR with frequency-chirped pulses allows for measurements at kHz rates over 1 km fiber in Ref. [19] . However, limited by the trade-off between spatial resolution and the sensing distance, the spatial resolution is 10 m, which is not enough for many applications.
In this paper, a single-shot intensity-demodulation method using chirped probe pulse and matched filter algorithm is developed. By replacing the step-by-step frequency sweeping with chirped probe pulses and matched filters, single-shot measurement is realized to obtain high response bandwidth, and the trade-off between spatial resolution and sensing distance is effectively mitigated simultaneously. In the demonstrational experiments, vibration response bandwidth reaches 5 kHz over 10 km fiber, with spatial resolution of 0.9 m, strain resolution of 224 p ε/ √ Hz and a signal-to-noise ratio (SNR) of 25.7 dB. This paper is structured as follows. The proposed method is theoretically elaborated and the system configuration is introduced in Section 2. The detailed description of RBS signature matching and the experimental results are discussed in Section 3, and the conclusion is provided in Section 4.
System Configuration and Measurement Principle
The intensity-demodulation method only focuses on the changes of profile pattern of RBS. When refractive index variation caused by external strain or temperature occurs at a certain position of the fiber under test (FUT), the profile pattern of RBS will change accordingly, which can be compensated by the frequency shift of probe pulses. The relations between compensating frequency ν, refractive index ( n << n) and quantities strain ε or temperature T are described by [15] :
where K ε and K T are strain and temperature coefficients respectively, ν 0 is nominal laser frequency, and n 0 is effective refractive index. Theoretically, the measurable strain range is determined by the frequency tuning range, so large strain range can be simply realized by applying broad frequency tuning range. The configuration of the experimental setup based on heterodyne detection is depicted in Fig. 1 . The lightwave from a narrow line-width fiber laser (NKT, E15) is split into the local oscillator (LO) and the probe light, respectively. The intensity modulator (IM1) on the probe arm is driven by a linear frequency modulation (LFM) pulse sequence with frequency range of 1 GHz (8.1− 9.1 GHz) and pulse width of 20 μs from an arbitrary waveform generator (AWG, M8195 A). A bias controller (BC1) is used to automatically adjust the bias voltage of the intensity modulator (IM1) through a 1:99 coupler. A filter is used to suppress the high-order harmonics of probe light. The power of probe pulse is boosted by an erbium-doped fiber amplifier (EDFA). The probe pulse is injected into the FUT through a circulator (CIR2). The length of the FUT is about 10 km. A cylinder piezoelectric transducer (PZT) is placed at the far end of the FUT. The IM2 on the LO arm is driven by an 8 GHz sinusoidal signal. The output from the IM2 is filtered for the first-order sideband which then injection-locks the distributed feedback (DFB) laser [20] . After the frequency shifting of the LO, the beat frequency between the RBS and the LO falls into the bandwidth of the balanced photo detector (BPD, PDB480 C). The beat signal from the BPD is sampled by an oscilloscope (DSOS204 A) with a sampling rate of 2.5 GSa/s. The lightwave from the fiber laser can be expressed as:
where f c is the frequency of carrier light. The local and probe pulse sequence generated by the AWG are respectively expressed as:
where t c is the pulse width, r ect(t/t c ) is the rectangular function in the range of t ∈ [0, t c ], f 0 is the initial frequency of the chirped pulse, K is the chirp rate, and f s is frequency shift of 8 GHz. The local oscillator after injection locking and the probe light after the filter can be expressed as:
The total RBS from the whole FUT can be expressed as:
where T p represents the round-trip time of lightwave in the FUT, τ is the round-trip time delay of the RBS from the input to the corresponding scattering position, a(τ) is the attenuation coefficient, and r (τ) is the scattering coefficient. The beat signal is detected by the BPD, and the photo-currents is described as follows:
where represents the respond of BPD, Re{} represents the real part, * represents conjugate. The signal can be rewritten in complex:
where ⊗ denotes convolution, A (t) is the composite reflection coefficient of FUT, and S 0 (t) is original chirped pulse:
The impulse response of matched filter used in data processing is given by:
After the matched filtering process, the effective probe pulse can be expressed as follows:
The output signal can be given by:
The narrow sinc-like pulse R (t) is the effective probe pulse after the matched filter, which is a single frequency pulse at f 0 + K t c /2 with narrow duration. The spatial resolution is determined by the full width at half maximum(FWHM) of the main lobe of |R (t)|, which can be written as [14] :
where ν g is group velocity in optical fiber, B is frequency sweeping range of the chirped pulse. Eq. (15) indicates that the spatial resolution after the process of pulse compression is determined by the frequency sweeping range other than the pulse width, which breaks the trade-off between spatial resolution and measurement distance. High SNR can also be obtained even at high spatial resolution. Different from sweeping the frequency step by step in Refs [15] - [17] , in our single-shot sensing system, each probe pulse will complete one measurement of the fiber. The period of the probe pulse is 100 μs, which is only limited by the 10 km fiber length. Thereby, the detection bandwidth is 5 kHz according to the Nyquist sampling theorem.
The frequency sweeping range of the probe pulse is from 100 MHz to 1100 MHz considering the frequency of LO. The width of each pulse is 20 μs. Assuming that the original chirped pulse is S 0 (t), M digital bandpass filters and corresponding matched filters s j (t) with different frequency ranges are generated to divide the raw data into M sections, where j = 1, 2, 3 . . . M . Each probe pulse and their RBS traces with different frequencies can be demodulated separately by s j (t) in digital domain, which exhibits comparable results but is simpler and more flexible than frequency sweep step by step in [15] - [17] . As a consequence, continuous dynamic strain with response range of 5 kHz can be measured by this single-shot system over 10 km fiber. Here the bandwidth of each s j (t) and the frequency interval between adjacent s j (t) are selected as 150 MHz and 5 MHz, respectively. Finally the center frequencies of 171 RBS traces s j (t) are 175 MHz+(j-1)· 5 MHz, j = 1, 2, 3 . . . 171, as illustrated in Fig. 2 .
The chirp frequency rate of s j (t) is the same as the corresponding part of S 0 (t). In the case that the magnitude of s j (t) and S 0 (t) are both rectangular windows in time domain, the remained part of S 0 (t) that does not match with the s j (t) will cause crosstalk [21] . As depicted in Fig. 3(a) , there are ripples on the rectangle in the frequency domain. To suppress the crosstalk, cosine-windows are applied to s j (t) and S 0 (t) in time domain. The expression of cosine-window w (t) in time domain is:
where t c is the pulse width in time domain. After applying the window, the oscillation can be eliminated, as depicted in Fig. 3(b) . The spatial resolution corresponding to 150 MHz bandwidth is about 0.67 m according to Eq. (15) . After applying the cosine-windows to the pulse, the actual spatial resolution is about 0.73 m.
RBS Signature Matching
In intensity-demodulation methods, it is necessary to obtain the RBS traces at different frequencies of every measurement. Here, a active compensation intensity-demodulation method, i.e., RBS signature matching is proposed to calculate the RBS frequency shift. In the demonstrational experiment, there are totally 100 chirped pulses launched into the fiber in sequence. The RBS trace of the first pulse is recorded as the reference, providing an initial state of the fiber for following probe pulses to measure the strain change of the fiber.
The raw RBS data of the first probe pulse is demodulated by M matched filters and M RBS traces at the corresponding probe frequencies are obtained. Here the frequency interval of the 171 RBS traces is 5 MHz. The overlap range of adjacent filters is up to 145 MHz, and thus the adjacent RBS traces are similar to each other. In order to reduce the frequency interval ν mi n , i.e., the resolution of measured frequency changes, cubic spline interpolations between the RBS traces are carried out with an interpolation step of 0.1 MHz, and finally we have 8501 RBS traces with frequency step of 0.1 MHz and covering range of 850 MHz. Here the RBS traces are labeled as I 1,i (z), where 1 represents the 1-st probe pulse, i represents the center frequency of the corresponding RBS traces in the unit of MHz, i = 175,175.1,175.2,...,1025. The length of I 1,i (z) is the number of sampling points along the fiber. The 8501 traces with different frequencies form a matrix, as shown by Fig. 4(a) .
After the matrix of the fiber is built using the 1-st probe pulse, only the RBS traces within the range from 525 MHz to 675 MHz (center frequency at 600 MHz) are demodulated for the following 2-nd to 100-th probe pulses. This frequency range is exactly at the middle of the frequency range of the probe pulse, so as to obtain the maximum dynamic range of strain. The RBS trace of the 10-th pulse I 10 (z) is shown in Fig. 4(b) as an example.
As addressed in Section 2, the change of Rayleigh pattern caused by strain can be compensated by the frequency shift of the probe pulse. To detect the strain at any position of the fiber, the segment of RBS of k-th probe pulse I k (z s ) around the position z s is picked out. It is compared with the traces of the same position segment but at different frequencies in I 1,i (z s ), which are shown in Fig. 4(c) . We can find the highest similarity one in I 1,i (z s ), whose frequency shift correctly compensates the strain of the fiber.
To assess the similarity between I 1,i (z s ) and I k (z s ), the cross-correlation algorithm is employed:
where I 1,i (z s ) and I k (z s ) stand for average of I 1,i (z s ) and I k (z s ) along the fiber respectively. The value of P i ∈ [−1, 1] represents the cross-correlation coefficient between two intensity trace segments, which is proportion to the similarity. The highest similarity one of I 1,j (z s ) is obtained when P i reaches the maximum at i = j. By calculating the frequency shift ν between the center frequency of I 1,j (z) and 600 MHz (the k-th probe pulse), the strain causing pattern change of RBS can be calculated. For the example in Fig. 4(e) , P i reaches the maximum at j = 585, which indicates that the I 10 (z s ) has the highest similarity with I 1,585 (z s ), so the frequency shift between 1-st pulse and 10-th pulse is 15 MHz. By employing a 0.9-m moving window along the fiber, the ν can be obtained by matching the RBS signature between the k-th pulse and the matrix of the 1-st pulse, then the dynamic continuous strain measurement is realized by the RBS frequency shift.
The demodulation frequency shift around the PZT is depicted in Fig. 5 . The length of the segment for RBS signature matching is 0.9 m, which is slightly greater than the spatial resolution of the reflectometry in order to obtain enough signature. The vibration caused by the PZT is clearly detected, as depicted in Fig. 5(a) . The length from 10% to 90% of the rising edge is about 0.9 m, which is the spatial resolution of the proposed system. The strain-frequency coefficient of the fiber is about −6.67 nε/MHz, with which the vibration around z s ∈ [9906, 9906.9] m is calculated and shown in Fig. 5(c) and (d) . The signal-to-noise ratio is 25.7 dB, and the strain resolution is about 224 p ε/ √ Hz.
The strain resolution of the proposed system is probably limited by the polarization noise, due to the mismatch of the polarization states between the RBS light and local oscillator. It can be well eliminated by polarization-diversity-detection [22] . Another factor that limits the resolution is the light source frequency drifting (LSFD), which results in a low frequency drift of the demodulated strain. The influence of LSFD can be obtained by detecting a piece of strain-isolated fiber, then get removed from the detected result of the FUT.
Conclusion
In this paper, a single-shot continuous dynamic strain measurement with sub-meter spatial resolution based on RBS signature matching is demonstrated for the first time. The RBS power distributions at different frequencies are obtained using the 1-st probe pulse, and then continuous dynamic strain can be successfully monitored by demodulating the changes of received RBS profile. The step-by-step frequency sweeping is replaced by the implementation of chirped pulses and matched filters, and the trade-off between spatial resolution and sensing distance is mitigated. Owing to the sub-meter spatial resolution, sub-nε strain resolution and broad frequency detection bandwidth, the proposed system has great potentials in both distributed acoustic detection and dynamic strain tracking.
